The entorhinal cortex is a prominent structure of the medial temporal lobe, which plays a pivotal role in the interaction between the neocortex and the hippocampal formation in support of declarative and spatial memory functions. We implemented design-based stereological techniques to provide estimates of neuron numbers, neuronal soma size, and volume of different layers and subdivisions of the entorhinal cortex in adult rhesus monkeys (Macaca mulatta; 5-9 years of age). These data corroborate the structural differences between different subdivisions of the entorhinal cortex, which were shown in previous connectional and cytoarchitectonic studies. In particular, differences in the number of neurons contributing to distinct afferent and efferent hippocampal pathways suggest not only that different types of information may be more or less segregated between caudal and rostral subdivisions, but also, and perhaps most importantly, that the nature of the interaction between the entorhinal cortex and the rest of the hippocampal formation may vary between different subdivisions. We compare our quantitative data in monkeys with previously published stereological data for the rat and human, in order to provide a perspective on the relative development and structural organization of the main subdivisions of the entorhinal cortex in two model organisms widely used to decipher the basic functional principles of the human medial temporal lobe memory system. Altogether, these data provide fundamental information on the number of functional units that comprise the entorhinal-hippocampal circuits and should be considered in order to build realistic models of the medial temporal lobe memory system.
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| INTRODUCTION
The entorhinal cortex is a prominent structure of the medial temporal lobe, which plays a pivotal role in the interaction between the neocortex and the hippocampal formation in support of declarative and spatial memory functions Amaral & Lavenex, 2007; Chareyron, Banta Lavenex, Amaral, & Lavenex, 2017; Lavenex & Amaral, 2000; Witter, Doan, Jacobsen, Nilssen, & Ohara, 2017; Witter & Moser, 2006) . The entorhinal cortex is the main entryway for much of the neocortical information reaching the hippocampal formation. It is also the main conduit for information processed by the hippocampus to be sent back to the neocortex. The entorhinal cortex, however, is far more than simply a relay station allowing information to be transferred between the hippocampus and the rest of the brain. Indeed, an important network of associational connections and intrinsic circuits between neurons located in different layers contribute to information processing carried out by the entorhinal cortex (Chrobak & Amaral, 2007; Lavenex & Amaral, 2000; Witter & Moser, 2006) . Given its central role in memory function, the entorhinal cortex has been the focus of very intense investigation in animal models of human memory processes, in particular in rats and monkeys. However, although the general functional organization of the entorhinal cortex is conserved across species (Insausti, Herrero, & Witter, 1997; Witter et al., 2017) , there are clear differences in the number, the relative development, and the structural characteristics of different subdivisions of the entorhinal cortex between rats, monkeys, and humans Amaral & Lavenex, 2007; Insausti et al., 1997; Insausti, Tunon, Sobreviela, Insausti, & Gonzalo, 1995) . It is therefore important to obtain reliable estimates of the fundamental neuroanatomical characteristics of the entorhinal cortex in these different species in order to be able to extrapolate the findings obtained in experimental studies in animals and create realistic models of the basic principles of human memory function (Witter & Moser, 2006 ).
| Subdivisions of the entorhinal cortex
Based on the organization of the afferent and efferent connections of the entorhinal cortex in the cynomolgus monkeys (Macaca fascicularis), together with the distribution of acetylcholinesterase histochemistry, heavy metal distribution and Golgi-impregnated preparations, Amaral et al. (1987) defined seven subdivisions in the monkey entorhinal cortex: Eo, the olfactory field of the entorhinal cortex; Er, the rostral division of the entorhinal cortex; El, the lateral division of the entorhinal cortex, which comprises the lateral rostral (Elr) and lateral caudal (Elc) subdivisions; Ei, the intermediate division of the entorhinal cortex; Ec, the caudal division of the entorhinal cortex; and Ecl, the caudal limiting division of the entorhinal cortex.
Based on the organization described in monkeys, Insausti et al. (1995) defined eight subdivisions in the human entorhinal cortex:
Eo, the olfactory field; Er, the rostral field; Elr, the lateral rostral field; Emi, the medial intermediate field; Ei, the intermediate field; Elc, the lateral caudal field; Ec, the caudal field; and Ecl, the caudal limiting field. This parcellation of the human entorhinal cortex is thus largely consistent with the one originally described in monkeys. The different fields of the primate entorhinal cortex may be associated with specific functions, and susceptibility to pathology. Recent functional magnetic resonance imaging (fMRI) studies in humans have defined two major functional subregions, the anterolateral entorhinal cortex and the posteromedial entorhinal cortex (homologous to the rodent lateral entorhinal cortex [LEC] and medial entorhinal cortex [MEC] , respectively; see below), based on their preferential connectivity with the perirhinal (PRC) and parahippocampal (PRH) cortices (Maass, Berron, Libby, Ranganath, & Duzel, 2015) , or their global connectivity patterns (Schroder, Haak, Jimenez, Beckmann, & Doeller, 2015) , which had been previously defined in rats and monkeys (Amaral & Lavenex, 2007; van Strien, Cappaert, & Witter, 2009 ). Based on the connectivity patterns established in monkeys Suzuki & Amaral, 1994b ) and the topological organization described in monkeys and humans Insausti et al., 1995) , one may surmise that in humans LEC comprises the fields Eo, Er, Elr, Elc, and a portion of Ei, whereas MEC comprises a portion of Ei and the fields Emi, Ec, and Ecl.
Similarly, following the scheme developed in primates and the detailed analysis of the connectivity of this region, Insausti et al. (1997) described six subdivisions in the rat entorhinal cortex: the dorsal lateral entorhinal field (DLE), the dorsal intermediate field (DIE), the amygdalo-entorhinal transitional field (AE), the ventral intermediate entorhinal field (VIE), the medial entorhinal field (ME), and the caudal entorhinal field (CE). Despite the similarities in the overall organization of the hippocampal-cortical connectivity in rats and monkeys, this nomenclature is rarely used (Witter et al., 2017) . Instead, most neuroanatomical and functional studies consider a simpler parcellation of the rat entorhinal cortex that includes the lateral entorhinal cortex (LEC), which comprises the fields DLE, DIE, AE, and VIE, and the medial entorhinal cortex (MEC), which comprises the fields ME and CE. Note that this simplified parcellation of the entorhinal cortex in rodent functional studies (Witter & Moser, 2006) contributed to the use of this simplified parcellation of the entorhinal cortex in human functional studies (Reagh et al., 2018) and some comparative neuroanatomical studies (Ding et al., 2017; Naumann et al., 2016) .
| Different functional circuits
A simplified description of the connectivity of the entorhinal cortex, which is consistent across species, indicates that its superficial layers (II and III) represent the main entryways for much of the sensory information processed by the hippocampal formation, whereas its deep layers (V and VI) provide the main conduit through which processed information is sent back to the neocortex (Amaral & Lavenex, 2007; Witter et al., 2017) .
In monkeys, the perirhinal and parahippocampal cortices provide about two-thirds of the cortical projections reaching the entorhinal cortex, but the projections from these two cortices are directed preferentially toward different subdivisions (Suzuki & Amaral, 1994a) . The projections from the perirhinal cortex terminate predominantly in the rostral two-thirds of the entorhinal cortex, in particular areas Eo, Er, Elr, Elc, and Ei. The projections from the parahippocampal cortex, in contrast, terminate predominantly in the caudal two-thirds of the entorhinal cortex, particularly in areas Ei, Ec, and Ecl. Other cortical projections originate in the temporal lobes, in the frontal cortex, the insula, the cingulate, and retrosplenial cortices .
Consistent with the fact that the entorhinal cortex is not a homogeneous structure, the projections originating from these cortical regions each preferentially terminate in different subdivisions of the entorhinal cortex. Direct projections from the insula, the orbitofrontal cortex,and the anterior cingulate cortex are directed predominantly toward rostral areas Eo, Er, Elr, and Ei, whereas the projections from the retrosplenial cortex and the superior temporal gyrus are directed predominantly toward caudal areas Ei, Ec, and Ecl. Similarly, the projections originating from the amygdala, which are thought to contribute to the emotional regulation of memory, are directed toward the rostral subdivisions of the entorhinal cortex, including areas Eo, Er, Elr, and the rostral portions of areas Ei and Elc, with essentially no amygdala projections to the caudal areas, Ec and Ecl (Pitkänen, Kelly, & Amaral, 2002) .
The entorhinal cortex projections to the dentate gyrus and the hippocampus also exhibit clear patterns of laminar and topographical organization, which suggests distinct functional circuits (Amaral, Kondo, & Lavenex, 2014; Witter & Amaral, 1991; Witter, Van Hoesen, & Amaral, 1989) . Entorhinal cortex projections to the dentate gyrus, and the CA3 and CA2 fields of the hippocampus originate mainly from cells in layer II, whereas projections to CA1 and the subiculum originate mainly from cells in layer III. In monkeys, lateral portions of the entorhinal cortex project to caudal levels of the dentate gyrus and hippocampus, whereas medial portions of the entorhinal cortex project to rostral levels. In addition, the projections from the entorhinal cortex to the dentate gyrus exhibit a different laminar distribution depending on the rostrocaudal location of the cells of origin.
The rostral entorhinal cortex projects more heavily to the outer third of the molecular layer, whereas the caudal entorhinal cortex projects more heavily to the middle third of the molecular layer. Similarly, the projections from the entorhinal cortex to the hippocampus exhibit a different topographical distribution depending on the rostrocaudal location of the cells of origin. Projections from the rostral part of the entorhinal cortex terminate at the border of CA1 and the subiculum, whereas projections from the caudal part of the entorhinal cortex terminate in the portion of CA1 closer to CA2 and in the portion of the subiculum closer to the presubiculum.
The dentate gyrus and CA3 do not project back to the entorhinal cortex (Amaral & Lavenex, 2007) . In contrast, CA1 and the subiculum project to the deep layers of the entorhinal cortex, following a topographical organization that largely reciprocates the entorhinal cortex projections to these regions (Amaral & Lavenex, 2007) . In monkeys, the rostral entorhinal cortex receives projections originating from pyramidal cells located at the border of CA1 and the subiculum, whereas the caudal entorhinal cortex receives projections originating in the portion of CA1 closer to CA2 and the portion of the subiculum closer to the presubiculum. One final but important characteristic of the connectivity of the entorhinal cortex is the direct projections from the presubiculum to layer III of the caudal subdivisions of the entorhinal cortex, areas Ec and Ecl. Interestingly, this connection is also a defining feature of the rat MEC, which is particularly involved in spatial information processing (Knierim, Neunuebel, & Deshmukh, 2014; Witter & Moser, 2006 ).
| Aim of the current study
Despite all that is already known regarding the structural organization of the monkey entorhinal cortex, there is little quantitative information about its structural characteristics, including reliable estimates of the number of neurons and their features in the different layers of its different subdivisions. The aim of the current study was to provide these normative data for the rhesus monkey (Macaca mulatta) entorhinal cortex. We implemented modern, design-based stereological techniques to provide estimates of neuron numbers, neuronal soma size, and volume of different layers and subdivisions of adult macaque monkeys (5-9 years of age). We further compared our quantitative data with previously published stereological data for the rat and human entorhinal cortex, in order to provide a perspective on the relative development and structural organization of the main subdivisions of the entorhinal cortex in two model organisms widely used to decipher the basic functional principles of the medial temporal lobe memory system in humans.
| MATERIALS AND METHODS
| Experimental animals
Four rhesus monkeys, Macaca mulatta (two males: 5.3 and 9.4 years of age; two females: 7.7 and 9.3 years of age), were used for this study. Monkeys were born from multiparous mothers and raised at the California National Primate Research Center. They were maternally reared in 2,000 m 2 outdoor enclosures and lived in large social groups until they were killed. These monkeys were the same animals used in quantitative studies of the monkey hippocampal formation (Jabes, Banta Lavenex, Amaral, & Lavenex, 2010 and amygdala (Chareyron, Banta Lavenex, Amaral, & Lavenex, 2011; Chareyron, Banta Lavenex, Amaral, & Lavenex, 2012 
| Nissl staining with thionin
The procedure for Nissl-stained sections followed our standard laboratory protocol described previously (Lavenex et al., 2009 
| SMI-32 immunohistochemistry
The immunohistochemical procedure for visualizing nonphosphorylated high-molecular-weight neurofilaments was carried out on freefloating sections using the monoclonal antibody SMI-32 (Sternberger Monoclonals, Lutherville, MD, cat# SMI-32, lot 16; RRID: AB_2314904), as previously described (Lavenex et al., 2009; Lavenex, Banta Lavenex, & Amaral, 2004) . This antibody was raised in mouse against the nonphosphorylated 200 kDa heavy neurofilament. On conventional immunoblots, SMI-32 visualizes two bands (200 and 180 kDa) which merge into a single line on two-dimensional blots (Goldstein, Sternberger, & Sternberger, 1987; Sternberger & Sternberger, 1983 ). This antibody has been shown to react with nonphosphorylated high-molecular-weight neurofilaments of most mammalian species, including rats, cats, dogs, monkeys, and humans (de Haas Ratzliff & Soltesz, 2000; Hof & Morrison, 1995; Hornung & Riederer, 1999; Lavenex et al., 2004; Siegel et al., 1993) , and may also show some limited cross-reactivity with nonphosphorylated mediummolecular-weight neurofilaments (Hornung & Riederer, 1999) .
Sections that had been maintained in TCS at −70 C were rinsed 
| Stereological analyses 2.3.1 | Neuron number
The total number of neurons in the different layers (II, III, V, VI) of the seven subdivisions of the entorhinal cortex (Eo, Er, Ei, Elr, Elc, Ec, Ecl) was determined using the optical fractionator method on the Nissl-stained sections cut at 60 μm (West, Slomianka, & Gundersen, 1991) . Neurons were counted when their nucleus came into focus within the counting frame, as it was moved through a known distance of the section thickness. We estimated neuron numbers using the following (Table 1 ; CE = sqrt(CE
(section thickness)/average (section thickness)). We identified neurons based on morphological criteria identifiable in Nissl preparations, as described in more details in previous publications (Chareyron et al., 2011; Fitting, Booze, Hasselrot, & Mactutus, 2008; Grady, Charleston, Maris, Witgen, & Lifshitz, 2003; Hamidi, Drevets, & Price, 2004; Morris, Jordan, & Breedlove, 2008; Palackal, Neuringer, & Sturman, 1993) .
Briefly, neurons are darkly stained and comprise a single large nucleolus.
Astrocytes are relatively smaller in size and exhibit pale staining of the nucleus. Oligodendrocytes are smaller than astrocytes and contain round, darkly staining nuclei that are densely packed with chromatin.
Microglia have the smallest nucleus, dark staining, and an irregular shape that is often rod-like, oval or bent.
| Volume estimates
We estimated the volume of the individual layers of the seven subdivisions of the monkey entorhinal cortex based on the outline tracings performed with Stereoinvestigator 9.0 for the estimation of neuron numbers. We used the section cutting thickness (60 μm) to determine the distance between sampled sections, which was then multiplied by the total surface area delineated for neuron counts to calculate the volume.
| Neuronal soma size
The volume of neuronal somas was measured on Nissl-stained preparations, using the nucleator probe of StereoInvestigator 9.0 (MBF Bioscience, Williston, VT). We measured an average of 291 neurons per layer per subdivision, sampled at every counting site during the optical fractionator analysis (Table 1) . Briefly, the nucleator can be used to estimate the mean cross-sectional area and volume of cells. A point within the nucleus was selected randomly, and three rays at 120
angles were drawn in a random orientation to intersect the cell boundary. When the rays extended into proximal cell processes, the cell boundary was defined as the continuation of the adjacent cell boundary at the base of the process. The length of the intercept from the point to the cell boundary (l) is measured and the cell volume is
. Essentially, this is the formula used to determine the volume of a sphere with a known radius. Note that the nucleator method provides accurate estimates of neuron size when isotropic-uniform-random sectioning of brain structures is employed (Gundersen, 1988) . In our study all brains were cut in the coronal plane. Estimates of cell size might therefore be impacted by the nonrandom orientation of neurons in the different layers and subdivisions of the entorhinal cortex, which could lead to an overestimation or under-estimation of cell size in any given structure.
| Photomicrographic production
Low-magnification photomicrographs were taken with a Leica DFC420 digital camera on a Leica MZ9.5 stereomicroscope (Leica Microsystems GmbH, 35578 Wetzlar, Germany). High-magnification photomicrographs were taken with a Leica DFC490 digital camera Leica Microsystems GmbH, 35578 Wetzlar, Germany on a Nikon
Eclipse 80i microscope (Nikon Instruments, Tokyo 108-6290, Japan).
Artifacts located outside the sections were removed, and levels were adjusted in Adobe Photoshop CS4 V11.0.2 (Adobe Systems, San Jose, CA) to improve contrast and clarity.
3 | RESULTS
| Structural organization of the monkey entorhinal cortex
The nomenclature, topographical and cytoarchitectonic organization of the entorhinal cortex have been described previously for the cynomolgus monkey (Macaca fascicularis) . 
| Overview of the laminar organization
Layer I, the outermost layer, corresponds to the molecular or superficial plexiform layer found in other cortical fields, and is relatively free of neurons. In SMI-32 preparations, the apical dendritic arborization of layer II neurons can be observed in the deeper half of the layer, with only occasional stained fibers visible in the superficial half of layer I. The remainder of layer I is at background level of staining.
Layer II is a narrow, cellular layer that varies considerably in appearance at different rostrocaudal levels. Its major cell type, generally described as "stellate," is in fact a type of modified pyramidal neuron. Neuron size varies across subdivisions, ranging from an average volume of about 1,200 μm 3 in Eo to 2,700 μm 3 in area Ec (see below for estimates in other subdivisions). In SMI-32 preparations, the cell bodies and the apical dendrites of layer II neurons are heavily stained. There are, however, two superimposed gradients in SMI-32 staining intensity that appear to correlate with gradients in cell size.
First, staining intensity increases from rostral to caudal levels. Second, at rostral levels, labeling is higher laterally than medially. There is no obvious mediolateral gradient at caudal levels.
Layer III is the thickest of the entorhinal cell layers (Table 2 ; Figure 3 ). At rostral levels it has a patchy appearance, but it becomes increasingly more homogeneous and somewhat "columnar" at caudal levels. Neurons in the superficial portion of layer III are pyramidal neurons similar to layer II cells, whereas deeply located neurons are multipolar, round or fusiform neurons. In some subdivisions, layer III is quite sharply separated from layer II by a narrow, cell-free zone. In Layer IV in the entorhinal cortex is usually referred to as the lamina dissecans. This is a cell-sparse zone that is rich in myelinated fibers especially at mid-rostrocaudal levels. In the rhesus monkey (Macaca mulatta), layer IV is generally more visible throughout most of the entorhinal cortex, as compared to the cynomolgus monkey (Macaca fascicularis). In SMI-32 preparations, layer IV appears largely unstained, except for the apical dendrites of neurons originating in layers V and VI.
Layer V has a stratified appearance over much of its extent in the cynomolgus monkey and can be divided in three laminae, Va, Vb, and 
| Stereological analyses 3.4.1 | Volumes of different layers and subdivisions
The volumes of the different layers of the seven subdivisions of the rhesus monkey entorhinal cortex are presented in Figure 3 and 
| Neuron numbers in different layers and subdivisions
The numbers of neurons in the different layers of the seven subdivisions of the rhesus monkey entorhinal cortex are presented in Figure 4 and Table 2 FIGURE 5 (a) Ratio of the number of neurons in the superficial layers (II and III) and the number of neurons in the deep layers (V and VI) in the seven subdivisions of the rhesus monkey entorhinal cortex. (b) Ratio of the number of neurons contained in layer III (projecting to CA1 and the subiculum) and the number of neurons contained in layer II (projecting to the dentate gyrus and CA3). Ratios in rat LEC and MEC calculated from the averages of the number of neurons reported in (Merrill, Chiba, & Tuszynski, 2001; Mulders, West, & Slomianka, 1997) for young adult rats relatively stable and represents between 38% and 42% of the number of neurons in the remaining subdivisions. Neurons located in layer II, which contribute the entorhinal cortex projections to the dentate gyrus and CA3, represent only 10% of neurons in areas Eo and
Er. This percentage varies between 13 and 21% in the other subdivisions.
In light of the variations in the number of neurons located in the different layers of the seven subdivisions of the rhesus monkey entorhinal cortex, it is interesting to consider the ratio between the number of neurons located in the superficial layers II and III, which originate the main feedforward projections toward the dentate gyrus and the hippocampus, and the number of neurons located in the deep layers V and VI, which represent the main recipient of the feedback projections originating in the hippocampus and the subiculum (Figure 5a ). This ratio was greater in the rostral subdivisions (Eo and Er) than in all the other subdivisions (F (6,18) = 301.761, p < .001, η 2 p = .990). There were no differences between Ei, Elr, and Elc. Interestingly, the ratio in Ecl was lower than in Eo and Er, but overall higher than in the other subdivisions, in particular area Ec with which it is often associated.
Consistent with the poor development of the deep layers of area Eo, there are about five times more neurons in the superficial layers than in the deep layers in this subdivision. In area Er, there are about two times more neurons in the superficial layers than in the deep layers. This suggests that these rostral areas play a much larger role in relaying information to the dentate gyrus and the hippocampus than they do in receiving information that has been processed by the hippocampus. Despite some subtle variations between subdivisions, there are on average only about 25% more neurons in the superficial layers than in the deep layers in the other subdivisions of the entorhinal cortex. Interestingly, the ratios between the number of neurons in the superficial versus deep layers of the monkey entorhinal cortex are significantly higher than in the two main subdivisions of the rat entorhinal cortex (LEC-homologous to the primate rostral entorhinal cortex: 1.14; MEC-homologous to the primate caudal entorhinal cortex:
1.10; Table 3 ). These findings suggest differences in the degree of reciprocity of the connections between different subdivisions of the monkey entorhinal cortex and the rest of the hippocampal formation.
It is also interesting to consider the ratio between the number of neurons located in layer III, which originate the projections to CA1 and the subiculum, and the number of neurons located in layer II, which originate the projections to the dentate gyrus and CA3, in order to assess the relative importance of the direct and indirect projections to the hippocampus originating from different subdivisions of the entorhinal cortex (Figure 5b ). This ratio was greater in the rostral subdivisions (Eo and Er) than in all the other subdivisions (F (6,18) = 29.042, p < .001, η 2 p = .906, Fisher Least Significant Difference, all p < .05). Note, moreover, that the difference between Er and Ei just failed to reach significance, whereas this ratio was higher in Ec than Ecl. In area Eo, there are about 7.5 times more neurons in layer III than in layer II. In area Er, there are about six times more neurons in layer III than in layer II. In area Ei, there are about three times more neurons in layer III than in layer II. Finally, there are between 2 and 2.5 times more neurons in layer III than in layer II in the remaining subdivisions of the rhesus monkey entorhinal cortex. These estimates reveal a clear rostrocaudal gradient, with a relatively greater development of layer III, as compared to layer II, in the rostral entorhinal cortex. Although less prominent, there is a similar pattern in the rat entorhinal cortex, with 2.75 times more neurons in layer III than in layer II in LEC, and only 2.23 times more neurons in layer III than in layer II in MEC.
| Neuronal soma size
In addition to the distinct patterns of connectivity described previously, and the differences in the relative number of neurons in the different layers of the seven subdivisions of the rhesus monkey entorhinal cortex shown here, we also found differences in the volume of neuronal somas between subdivisions (Table 2) .
Layer II: The average soma volume of layer II neurons differed between subdivisions (F (6,18) = 43.751, p < .001, η 2 p = .936). Layer II neurons were smaller in area Eo than in all other subdivisions. Layer II neurons were also smaller in area Er than in more caudal subdivisions, but not area Elr (Eo < all other fields; Er < Ei, Elc, Ec, Ecl: all p < .05). Layer III: Although the average soma volume of layer III neurons also differed between subdivisions (F (6,18) = 3.083, p = .030, η 2 p = .507), these differences were not as pronounced as for layer II neurons. Layer III neurons were smaller in Eo than in Ecl; they were larger in Ei than in Elc. Interlaboratory differences may be related to the calibration of the computer-aided analysis systems or other methodological differences that are difficult to identify (Altemus, Lavenex, Ishizuka, & Amaral, 2005) . In their study, Merrill et al. cut the brains on a freezing microtome set at 40 μm and reported an average thickness of the Nisslstained histological sections of about 21 μm. In our study, we cut the brains on a freezing microtome at 60 μm for the Nissl series, and measured an average thickness of Nissl-stained sections of 13.32 μm across all regions/layers. However, since the optical fractionator provides estimates of neuron numbers that are independent of volume measurements, and that the formula used to calculate neuron numbers includes the thickness sampling fraction, it is unclear how such differences in tissue processing may lead to differences in neuron numbers. We are confident regarding the measurement of the thickness of the sections used in the current study, since our computeraided analysis system is equipped with a Focus Encoder providing 0.1 μm resolution measurements of the actual position of the microscope stage in the z axis, and does not rely on the predefined settings of the motorized stage. The average section thickness measured in the current study is similar to what we previously found during the completion of stereological studies of the rat and monkey amygdala, which have supported the reliability and generalizability of our normative data (Chareyron et al., 2011) and that were very close to those reported by other laboratories (Berdel, Morys, & Maciejewska, 1997; Carlo, Stefanacci, Semendeferi, & Stevens, 2010; Cooke, Stokas, & Woolley, 2007; Rubinow & Juraska, 2009 ). In our study, the disector height (5 μm) represented 37.5% of the averaged section thickness, the counting frame was 40 × 40 μm and we used different scan grids for individual layers (Table 1) 
| Interspecies comparisons
Previous comparisons of the structure of the entorhinal cortex in different species have emphasized either the conservation of the general functional organization of the entorhinal cortex across species (Insausti et al., 1997; Naumann et al., 2016; Witter et al., 2017) , or the notable differences in the number, relative development and structural characteristics of different subdivisions of the entorhinal cortex between rats, monkeys, and humans Amaral & Lavenex, 2007; Insausti et al., 1995; Insausti et al., 1997) . Here, we compare the number of neurons in the different layers of the rat, monkey, and human entorhinal cortex (Tables 3 and 4) . As was the case for the comparison of our current findings with those of previous studies carried out in monkeys, it was difficult to find studies in rats and humans that used reliable, design-based stereological techniques combined with well-accepted delineations of layers and subdivisions of the entorhinal cortex. We considered two studies in rats, our current findings in monkeys, and two studies in humans, in order to compare the relative development and quantitative structural characteristics of the entorhinal cortex in different species. Mulders et al. (1997) estimated the number of neurons in the different layers of the lateral and medial entorhinal cortex of 30-day-old female Wistar rats. Merrill et al. (2001) estimated the number of neurons of the lateral and medial entorhinal cortex in 2-month-old female Fischer 344 rats (they also reported data on 21-month-old rats, which we did not include in Table 3 ). The results of these two studies, carried out in two independent laboratories, provide consistent estimates.
| Rats
| Humans
Gomez- Isla et al. (1996) estimated the number of neurons in the entire entorhinal cortex of nondemented men and women between 60 and 89 years of age. Note that the definitions of the layers reported in their study differed from that used in other studies, so we adapted the presentation of their results to match the definitions used in the other studies. West and Slomianka (1998) Since the previous studies in rats or humans did not report the number of neurons in the different subdivisions of the entorhinal cortex based on the nomenclature defined by Amaral and colleagues for monkeys , Insausti and colleagues for humans (Insausti et al., 1995) and rats (Insausti et al., 1997) , we limit our species comparisons to the number of neurons in the entire entorhinal cortex (Tables 3 and 4) . We consider layer II neurons as the origin of the entorhinal cortex projections to the dentate gyrus and CA3; layer III neurons as the origin of the entorhinal cortex projections to CA1 and the subiculum; and layer V and VI neurons as the main layers of the entorhinal cortex receiving the hippocampal output projections originating in CA1 and the subiculum.
As compared to rats, the total number of neurons in the entorhinal cortex is about 5 times greater in monkeys, and 11 times greater in humans (and thus about 2 times greater in humans than in monkeys). In layer II, there are 4.8 times more neurons in monkeys than in rats, 6.3 times more neurons in humans than in rats, and 1.3 times more neurons in humans than in monkeys. In layer III, there are 6.4 times more neurons in monkeys than in rats, 14.2 times more neurons in humans than in rats, and 2.2 times more neurons in humans than in monkeys. In layer V and VI, there are 4.4 times more neurons in monkeys than in rats, 10.2 times more neurons in humans than in rats, and 2.3 times more neurons in humans than in monkeys. These findings suggest that the relative importance of the different inputs to the hippocampal formation (via entorhinal cortex layer II and layer III neurons, respectively) may vary between species. Specifically, the ratio between the number of neurons in layer III and the number of neurons in layer II is 2.4 in rats, 3.2 in monkeys, and 5.5 in humans. Thus, the direct entorhinal cortex projection to CA1 appears greater in primates than in rats, and appears further developed in humans as compared to monkeys. Interestingly, the ratio between the number of neurons in the superficial layers and the number of neurons in the deep layers appears greater in monkeys and humans than in rats (Table 4) . This pattern may be related to the greater development of the neocortical areas projecting to the superficial layers of the entorhinal cortex in primates. This finding is similar to what we observed previously for different amygdala nuclei (Chareyron et al., 2011) , and consistent with the theory that brain structures with major anatomical and functional links evolve together independently of evolutionary changes in other unrelated structures (Barton & Harvey, 2000) .
In sum, our detailed analysis of neuron numbers and neuronal soma size in the different layers of distinct subdivisions of the monkey entorhinal cortex confirms that the entorhinal cortex is a very heterogeneous structure and that interspecies comparisons should take into account these important regional differences. Our data further suggest that, despite being consistent with functional studies in rodents and connectional studies in monkeys, a simple parcellation of the primate entorhinal cortex into two major functional subregions, homologous to the rodent LEC and MEC (Maass et al., 2015; Reagh et al., 2018; Schroder et al., 2015) , may be too simplistic to capture the full complexity of information processing carried out by the human entorhinal cortex. The development of comprehensive high-resolution atlases of the human brain based on the microscopic evaluation of histological sections (Ding et al., 2017 ) may contribute to reach that goal.
We will now focus on our findings in monkeys, in order to discuss the a Average data of studies reported in Table 3 . b Data from current study reported in Table 3 . c Average data of studies reported in Table 3 .
possible functional implications of the relative development of the different layers in the different subdivisions of the primate entorhinal cortex.
| Different entorhinal-hipppocampal circuits
As was previously recognized from connectional studies and cytoarchitectural descriptions, the quantitative estimates of neuron numbers and descriptions of morphological characteristics reported here emphasize the heterogeneity of the entorhinal cortex, even within a single species.
| Area Eo
Although area Eo can be distinguished based on several cytoarchitectonic features, it was named based on the fact that in monkeys it is the only region of the entorhinal cortex that receives a direct input from the olfactory bulb. This input is unique in being unimodal and coming from a very early stage of olfactory sensory processing. It is thus interesting to consider that there are five times more neurons in the superficial layers than in the deep layers of Eo, and that there are 
| Areas Er and Elr
Area Er receives the majority of its cortical afferents from the perirhinal cortex, which projects mainly to the rostral two-thirds of the entorhinal cortex (areas Eo, Er, Elr, Elc, Ei) (Suzuki & Amaral, 1994b) . with area Er (an area sending relatively fewer feedback projections to the perirhinal cortex) (Suzuki & Amaral, 1994b) .
| Area Ei and Elc
Area Ei is defined as the intermediate subdivision of the entorhinal cortex and shares some structural and functional characteristics with both the rostral and caudal subdivisions of the entorhinal cortex. Ei receives prominent projections from the perirhinal cortex, which reach the rostral two-thirds of the entorhinal cortex, and projections from the parahippocampal cortex, which reach the caudal two-thirds of the entorhinal cortex. Interestingly, the ratio between the number of neurons in the superficial layers and the number of neurons in the deep layers is lower in areas Ei and Elc than in rostral areas Er and Eo, and is similar to that found in area Elr and caudal areas Ec and Ecl. It thus seems consistent that highly reciprocal projections between the parahippocampal cortex and the entorhinal cortex are associated with a higher number of neurons in layer V in the subdivisions of the entorhinal cortex that originate the majority of these projections (Suzuki & Amaral, 1994b ).
| Areas Ec and Ecl
Areas Ec and Ecl receive prominent projections from layer III neurons in the parahippocampal cortex, which terminate most strongly in layers I, II and III. In addition, areas Ec and Ecl are characterized by a direct projection from the presubiculum to layer III. Interestingly, this connection is also a defining feature of the rat MEC, which is particularly involved in spatial information processing (Knierim et al., 2014; Witter & Moser, 2006) . The connections between these two areas and the parahippocampal cortex are highly reciprocal (Suzuki & Amaral, 1994b ), which appears to be also reflected in the lower ratio between the number of neurons in the superficial layers and the number of neurons in the deep layers, as compared to the rostral subdivisions Er and Eo. However, this ratio was slightly higher in Ecl than in Ec, whereas the ratio between the number of neurons in layer III (projecting to CA1 and the subiculum) and the number of neurons in layer II (projecting to the dentate gyrus and CA3) was slightly higher in Ec than Ecl. Thus, although these two areas share some common connectional characteristics (Amaral & Lavenex, 2007; Suzuki & Amaral, 1994b ) and functional properties (Chareyron et al., 2017) , they nevertheless differ in the relative numbers of neurons contributing to different hippocampal circuits. Although areas Ec and Ecl represent approximately the same percentage of the volume of the entire entorhinal cortex, and contain about the same percentage of all the neurons in the entire entorhinal cortex, area Ec contains a proportionally larger number of neurons in layer II, which are known to contribute projections to the dentate gyrus and CA3. The functional consequences of such differences remain to be determined.
| CONCLUSION
This study provides normative data on the volume, neuron number and neuronal soma size in the different layers of the seven subdivisions of the rhesus monkey entorhinal cortex. These data corroborate the important structural differences between different subdivisions of the monkey entorhinal cortex. In particular, differences in the number of neurons contributing to distinct afferent and efferent hippocampal pathways suggest not only that different types of information may be more or less segregated between caudal and rostral subdivisions, but also, and perhaps most importantly, that the nature of the interaction between the entorhinal cortex and the rest of the hippocampal formation may vary between different subdivisions. Finally, these data provide fundamental information on the number of functional units that comprise the entorhinal-hippocampal circuits and should be considered in order to build more realistic models of the human medial temporal lobe memory system.
